ABSTRACT: Laser annealing (LA) of AlN/Ag multilayers was proven to be an effective process to control the structure and dispersion of Ag into the AlN resulting in intense coloration via the localized surface plasmon resonance, which is of particular importance for decorative applications.
INTRODUCTION
Among the various categories of materials used for coatings, nanocomposites consisting of noble metal inclusions [1] [2] [3] [4] [5] [6] are of substantial importance due to their particular functionalities that originate from the nanometric dispersion of the metallic phase and offer exceptional potential to control their mechanical behavior [7] [8] [9] , and open perspectives for a variety of applications such as catalysis [10] [11] [12] , biocompatible surfaces [13] [14] [15] [16] [17] , solar harvesting [18] [19] [20] , and foremost plasmonics [21] [22] [23] [24] [25] [26] [27] [28] [29] . In particular, the ability of controlling the optical performance via the morphology of the embedded plasmonic nanoparticles (NPs) into the coating and their localized surface plasmon resonance (LSPR) offers also great potential for decorative and ophthalmic coatings [30] [31] [32] [33] . Such control of the plasmonic performance of metal-ceramic decorative films may be achieved by laser annealing [27] [28] [29] [30] , which offers an extraordinary combination of assets with the cold character being the most distinguished among them, as it enables the processing of film grown on temperature-sensitive organic substrates [27] .
Recently, we demonstrated the subsurface formation of Ag NPs with LSPR response, embedded in AlN and Y2O3 starting from non-plasmonic metal/dielectric multilayers after subjecting those to a single shot UV (193 nm) laser annealing (LA) step and studied mostly the effect of the thermal conductivity of the ceramic matrix [27] . However, the effects of most of the LA parameters (laser wavelength, fluence, ambient pressure) were not studied thoroughly and quantitatively. In the present work, we present an investigation of the effect of the basic laser annealing parameters such illustrated in Fig. 3 , revealed that for samples MS1 and MS2 there is no indication of AlN crystallinity, while the diffraction signal from the Ag(111) planes is clearly observed. On the contrary, the sample MS3 did not exhibit any diffraction signal associated with Ag, indicating that any Ag NPs are smaller than 4 nm (XRD amorphous), thus confirming the finer size distribution of Ag nanoparticles identified by TEM for this sample. Regarding the w-AlN phase, which is expected to be formed only in sample MS3 (due to the used deposition conditions [30] , and as observed by TEM), XRD provided marginal signals for the (100) and (002) diffraction peaks, which can be hardly resolved from the noise level, confirming the nanocrystalline character of w-AlN.
3.4
Laser treated samples
Following deposition, the samples were subjected to LA. The LA process took place in atmospheric pressure (1 Bar) environment and under Ar high-pressure (10 Bar) environment delivering one or two pulses of an ArF (193 nm) or a KrF (248 nm) laser. At first we performed LA with a single pulse at 193 nm, while the fluence was varying between 400 and 700 mJ/cm 2 .
Samples MS2 (a-AlN) and MS3 (w-AlN) were studied by TEM after the LA treatment and were compared in order to ascertain the influence of LA on NP abundance and volume fraction. Figure 4 comprises XTEM images of samples MS2 and MS3 after LA at 600 mJ/cm 2 (one pulse, 193 nm) and at 1 and 10 Bar respectively.
Measurements of NP abundance and volume fraction were performed along the whole thickness of the nanocomposite films. In order to obtain accurate statistical results, we measured at least 200 and up to 400 NPs for each sample (the exact number of measured NPs in each case depended on the TEM image). Calculations of the abundance and volume fractions were performed by assuming that the NPs were spherically shaped on average, which is a reasonable approximation, based on our TEM observations. After recording their diameters, the NPs were sorted by size and were divided into classes of 2 nm range. By counting the number of NPs belonging to each class, we calculated the abundances, according to the equation: % = counts per class total counts * 100
The volume fractions were obtained from the abundances according to the equation:
where ri denotes the average NP radius for each class. [27] allows for a more uniform NP size distribution. In addition, the non-linearity in thermal conductivity (in relation to the temperature rise within the film) increases the temperature gradient developed in the film, making it sharper as the fluence increases. This means that a composite with a matrix of high thermal conductivity (w-AlN, case of MS3) will be restructured only closer to the film's top surface, while a composite with a matrix of low thermal conductivity (a-AlN, cases of MS1 and MS2) will be restructured to a larger extend across the film thickness. This perfectly matches the results from TEM observations shown in Fig. 4 . Histograms illustrated in Fig. 5 indicated that, for the case of MS2, the average nanoparticle size was larger than those in MS3. On the other hand, it seems that for both cases the application of high pressure, during LA, suppresses the diffusion of Ag. As a result the formation of smaller NPs (<4 nm) is favored.
In order to have a more insightful view of the effect of the high pressure during LA and to quantify its effect, we performed detailed XRD analysis. Figure 6 illustrates the XRD patterns of In order to quantify the XRD data, the main Ag(111) peak was fitted with Lorentzian curves and the corresponding broadening (full width at half maximum -FWHM -at 2 scale) was used in order to determine the grain size applying Scherrer's equation [34] . In order to illustrate better the nanometric outdiffusion of Ag during LA and to investigate the effect of the application of high pressure, we performed detailed XPS measurements. XPS spectra from sample MS2 after LA with 248 nm at ambient and high pressure (10 Bar) are shown in Fig. 8a . After the LA process the top surface layers of the sample were enriched with Ag; this is indicated by the corresponding increase of the intensity of the Ag-3d peaks. . That confirmed the fact that pressure suppresses Ag diffusion towards the free surface of the film. XPS imaging (Fig. 8b,c) also confirmed the spectroscopic results as the Ag composition contrast between treated (bright region) and untreated (dark region) part of the sample is stronger for the case of the sample processed in atmospheric pressure (Fig. 8b) . In addition, the sample processed at high pressure ( Fig.   8c ) exhibits exceptionally well-defined edges between the treated and untreated areas proving that the application of high pressure inhibits the surface diffusion of Ag, as well.
The diffusion and coarsening of Ag NPs affect severely the plasmonic response of the LA samples. As a demonstration of this effect, we present in Fig. 9 the optical reflectivity spectra of sample MS2 after LA with the 248 nm laser at various fluences (400-700 mJ/cm 2 On the contrary, when the LA process is taking place in high pressure and at low fluence ( The reflectivity spectra after LA with two pulses are also consistent with this description. In particular, the LA in high pressure (Fig. 9b -dotted original structure was modified after the LA process. The study of the laser-treated samples revealed the formation of single phase, mostly spherical and well-embedded metallic Ag NPs into the film, which are gradually outdiffusing towards the surface. Their size depended on the annealing conditions, as well as from the available silver's content. In particular, the implementation of LA using the 248 nm results in stronger diffusion phenomena due to the overheating of the Ag layers.
On the other hand, the external applied pressure suppressed the Ag's surface diffusion and outdiffusion. For laser fluences exceeding 600mJ/cm 2 Ag ablation starts resulting in less pronounced particle coarsening, compared to fluences below 500 mJ/cm 2 , possibly due to the activation of the ablation process. 
